Fluoridation causes an obvious reduction of dental caries by interference with cariogenic streptococci. However, the effect of fluoride on group A streptococci that causes rheumatic fever and acute poststreptococcal glomerulonephritis is not known. We have used proteomic analysis to create a reference proteome map for Streptococcus pyogenes and to determine fluoride-induced protein changes in the streptococci. Cellular and extracellular proteins were resolved by two-dimensional polyacrylamide gel electrophoresis and identified by matrix-assisted laser desorption ionization mass spectrometry. 183 protein spots were visualized, and 74 spots representing 60 unique proteins were identified. A 16-h exposure to sodium fluoride caused decreased expression of proteins required to respond to cellular stress, including anti-oxidants, glycolytic enzymes, transcriptional and translational regulators, and protein folding. Fluoride caused decreased cellular expression of two well-characterized S. pyogenes virulence factors. Fluoride decreased expression of glyceraldehyde-3-phosphate dehydrogenase, which acts to bind fibronectin and promote bacterial adherence. We also performed proteomic analysis of protein released by S. pyogenes into the culture supernatant and observed decreased expression of M proteins following fluoride exposure. These data provide evidence that fluoride causes decreased expression by S. pyogenes proteins used to respond to stress, virulence factors, and implicated in nonsuppurative complications of S. pyogenes, including glomerulonephritis and rheumatic fever.
The incidence of some sequelae of group A streptococcal infection such as rheumatic fever and acute post-streptococcal glomerulonephritis (APSGN) 1 has decreased over the last five decades in the United States and western countries (1) (2) (3) . However, these disorders continue unabated and are important public health problems in developing countries (1, 3, 4) . The effects of fluoride on cariogenic Streptococcus mutans and other bacteria have been extensively studied. Fluoride inhibits enolase, a glycolytic enzyme (5, 6) , inhibits F-ATPase activity resulting in less acidurance (7, 8) , reduces glucan-binding lectin activity (9) , and decreases glucose incorporation (10) . However, the effects of fluoride on group A Streptococci have not been examined. To examine simultaneous changes in multiple virulence factors, we performed a proteomic analysis of S. pyogenes exposed to fluoride. Western blotting and other immunological methods have been successfully used to study protein expression of various microorganisms, cells, and tissues. However, these techniques are constrained by the limited number of proteins that can be studied in each experiment and the availability of specific antibodies. Proteomic techniques date to 1975, when two-dimensional PAGE was simultaneously described by O'Farrell and Klose (11, 12) and applied to the study of a large number of proteins simultaneously. In twodimensional PAGE proteins are separated by differential isoelectric point (pI) for the first dimension and by differential weight average molecular weight (M w ) for the second dimension. Using this technique, 1100 protein components have been resolved from Escherichia coli (11) . Recently, up to 10,000 protein forms have been visualized by high resolution twodimensional PAGE (12) . The high throughput analysis by mass spectrometry of proteins separated with two-dimensional PAGE has permitted analysis of proteins on a "genomic" scale (13) , a process that has acquired the name "proteomics" (14) . We have used this approach to construct an initial proteome map of S. pyogenes and to determine whether fluoride alters protein expression of S. pyogenes. In this initial analysis, 74 spots representing 60 unique proteins were identified. Fluoride caused S. pyogenes to decrease expression of several virulence factor proteins, including M protein, GAPDH, and deoxythymidine diphosphate (dTDP)-4-keto-6-deoxyglucose-3,5-epimerase, but did not alter cell viability. These proteomic data * This work was supported in part by grants from the Department of Veterans Affairs (to J. B. K.), National Institutes of Health Grant R01 HL66358-01, and the Jewish Hospital Foundation, Louisville, KY. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ ʈʈ Posthumous. 1 The abbreviations used are: APSGN, acute poststreptococcal glomerulonephritis; pI, isoelectric point; MALDI-TOF, matrix-assisted laser desorption ionization-time-of-flight mass spectrometry; CDM, chemically defined medium; DTT, dithiothreitol; ␣-CN, ␣-cyano-4-hydroxycinnamic acid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; M w , weight average molecular weight; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine; HSP, heat-shock protein.
suggest the hypothesis that fluoride might inhibit S. pyogenes virulence factors and post-infectious inflammatory disorders.
MATERIALS AND METHODS
Bacteria and Growth Conditions-S. pyogenes M5 was employed throughout this study. The streptococci were grown either in chemically defined medium (CDM) (15) as a control or in CDM with 5 mM sodium fluoride (NaF, "Suprapure"; E. Merck, Darmstadt, Germany) at 37°C for 16 h. NaF was separately filter-sterilized before adding into the sterile medium.
Protein Extraction-Bacteria were harvested after overnight culture by centrifugation at 6000 ϫ g at 4°C for 10 min. Both cellular proteins and proteins in the extracellular supernatant were extracted. For the cellular components, the bacteria were washed twice with ice-cold 18-megohm water and then sonicated at level 4 with 60% duty cycle (High Intensity Ultrasonic Cell Disrupter, Sonics & Materials Inc, Danbury, CT) on ice until more than 80% of cells were broken. The protein mixture was centrifuged at 6000 ϫ g at 4°C for 10 min, and the supernatant was saved. The sample was lyophilized and resuspended in a sample buffer containing 40 mM Tris, 7.92 M urea, 0.06% SDS, 1.76% ampholytes, 120 mM dithiothreitol (DTT), 3.2% Triton X-100, 0.1 mg/ml leupeptin, 0.1 mg/ml phenylmethylsulfonyl fluoride, and 1 mM sodium azide.
For the extracellular proteins, the culture supernatant was precipitated overnight by ammonium sulfate and centrifuged at 25,000 ϫ g at 4°C for 30 min. The pellet was saved, resuspended in 20 mM phosphatebuffered saline (pH 7.2) and dialyzed two times against 18-megohm water with the M w cut off at 6 -8 kDa overnight. The samples were lyophilized and resuspended in the same sample buffer as above.
The samples were duplicated and protein concentration was measured by spectrophotometry using Bio-Rad protein microassay based on Bradford's method (16).
Two-dimensional PAGE-The control and NaF-treated samples were run in parallel with a two-dimensional PAGE running system (Genomic Solutions Inc., Ann Arbor, MI).
First Dimension-Immobilized pH gradient strips, non-linear pH 3-10, 18 cm long (Amersham Biosciences, Inc., Fairfield, NJ) were rehydrated overnight with 100 g of proteins in rehydration buffer containing 8 M urea, 2% CHAPS, 0.01 M DTT, 2% ampholytes, and bromphenol blue and focused with maximal 5000 V and 80 A for 24 h at 17°C to reach 100,000 V.h. After completion of focusing the samples were equilibrated with buffer containing 6 M urea, 130 mM DTT, 30% glycerol, 112 mM Tris base, 4% SDS, 0.002% bromphenol blue and acetic acid and then with buffer containing 6 M urea, 135 mM iodoacetamide, 30% glycerol, 112 mM Tris base, 4% SDS, 0.002% bromphenol blue, and acetic acid.
Second Dimension-The strips were loaded onto pre-cast 10% homogeneous, 20-ϫ 20-cm slab gels (Genomic Solutions Inc.). Upper running buffer contained with 0.2 M Tris base, 0.2 M Tricine, and 0.4% SDS and lower running buffer was 0.625 M Tris acetate. The system was run with maximal 500 V and 20,000 milliwatts per gel.
SYPRO Ruby Staining-The gel slabs were fixed in 10% methanol and 7% acetic acid for 30 min. The fixed solution was removed and 500 ml of SYPRO ruby gel stain (Bio-Rad Laboratory, Hercules, CA) was add to each gel and incubated on gently continuous rocker at room temperature for 18 h.
Visualization-A high resolution 12-bit camera with UV light box system (Genomic Solutions Inc.) was used to visualize the protein spots. Five different exposure time points (1, 2, 3, 4, and 5 s) were set to scan the gels. The images were inverted before analysis with two-dimensional analysis software.
Matching and Analysis of the Protein Spots-Investigator HT analyzer (Genomic Solutions Inc.) software was used for matching and analysis of the protein spot expression on gels. A reference gel was created by combining all of the spots from different gels into one image. The average mode of background subtraction was used for normalization of intensity volume of each spot and for compatibility of the intensity between each gel. The reference gel was then used for determination of existence and difference of protein expression between each group. The intensity less than a 0.5-fold or greater than 2-fold of the control was considered significantly changed.
In-gel Tryptic Digestion-Samples were prepared using a modification of the technique described by Jensen (17) . The protein spots were excised with a clean scalpel into 1-mm cubes. The gel pieces were transferred to clean 1.5-ml microcentrifuge tubes and wash with 0.1 M ammonium bicarbonate (NH 4 HCO 3 ) at room temperature for 15 min. Acetonitrile was added to the gel pieces and incubated at room temper- 
FIG. 2. Peptide mass fingerprinting.
Peptide mass fingerprinting of the observed masses in Fig. 1 was performed using the MASCOT search engine. Scores more than 71 were considered statistically significant for matching (p Ͻ 0.05). Observed masses (32 of total 35 masses) were matched to the theoretical masses of 60 kDa heat shock protein (GroEL) with less than 150-ppm window of error and mostly 0 missed cleavage. The matched masses were then converted to amino acid sequences along variable residue sites and covered 68% of the GroEL sequences. * An oxidation site on methionine that caused mass shift.
pieces were chopped into four to five smaller pieces and incubated at 37°C overnight in shaking incubator to enhance microcirculation of the digestive solution and to prevent drops formation under the cover of microcentrifuge tubes.
Sample Preparation for MALDI-TOF Mass Spectrometry-Nitrocellulose solution was made by dissolving a nitrocellulose membrane in 1:1 acetone/isopropanol solvent. ␣-Cyano-4-hydroxycinnamic acid (␣-CN) was washed with 50 l of acetone, and acetone phase was discarded. The ␣-CN was dissolved in acetone to a concentration of 10 mg/ml, and the nitrocellulose and ␣-CN solutions were mixed to 1:4 ratio, and 1 l of this mixture was deposited onto the 96-well MALDI target plate. The samples were prepared for addition to the plate by mixing 2 l of sample with 2 l of 10 mg/ml ␣-CN solution in 0.1% trifluoroacetic acid in 1:1 H 2 O/acetonitrile. The sample mixtures (1 l) were loaded onto each thin film. After the sample mixtures were dried, 1.5 l of 2% formic acid was added to each spot. The formic solution was removed by gentle blotting. This washing step was performed twice. The samples were then dried at room temperature. Fragment size was determined by MALDI-TOF mass spectrometry.
MALDI-TOF Mass Spectrometry-Mass spectral data were obtained using a Micromass Tof-Spec 2E instrument equipped with a 337-nm N 2 laser at 20 -35% power in the positive ion reflectron mode. Spectral data were obtained by averaging 10 spectra each of which was the composite of 10 laser firings. The mass axis was calibrated using known peaks from tryptic autolysis.
Analysis of Peptide Sequences-Peptide mass fingerprinting was used for protein identification from tryptic fragment sizes by using the MASCOT search engine (www.matrixscience.com) based on the entire NCBInr protein data base using the assumption that peptides are monoisotopic, oxidized at methionine residues and carbamidomethylated at cysteine residues. Up to one missed trypsin cleavage was allowed, although most matches did not contain any missed cleavages. Mass tolerance of 150 ppm was the window of error to be allowed for matching the peptide mass values. Probability-based MOWSE scores were estimated by comparison of search results against estimated random match population and were reported as Ϫ10*log 10 (P), where P is the absolute probability. Scores greater than 71 were considered significant (p Ͻ 0.05).
RESULTS

S. pyogenes Cellular Protein Expression-
The pattern of protein separation by two-dimensional PAGE was consistent and essentially identical in different culture samples of S. pyogenes. A total of 183 cellular protein spots were visualized. The protein spots were excised and underwent in-gel tryptic digestion. Peptide masses were obtained by MALDI-TOF mass spectrometry. Shown in Fig. 1 is a typical mass spectra of a protein, the 60-kDa chaperone that was identified using the MASCOT search engine to query the NCBI protein data base (Fig. 2) . All protein identifications were in the expected size range based on position in the gel. Fifty-five unique proteins were identified from 66 spots present on gels. (Fig. 3A , Table I ).
Effect of Fluoride on S. pyogenes Cellular Protein Expression-Expression of 38 protein forms was decreased after exposure to fluoride and six protein forms had increased expression after fluoride exposure (Fig. 3B, Table I ). General stress protein 24, elongation factors G and P, fructose-bisphosphate aldolase, putative 6-phosphofructokinase, putative orotidine-5Ј-decarboxylase PyrF, and putative xanthine phosphoribosyl- w for the second dimension of two-dimensional PAGE. Protein spots were visualized by SYPRO ruby staining, underwent in-gel tryptic digestion, MALDI-TOF mass spectrometry and followed by peptide mass fingerprinting using the MASCOT search engine. The significantly matched proteins (scores Ͼ 71, p Ͻ 0.05) are labeled as the same spot number as shown in Table I and II. transferase were absent after fluoride exposure. Deoxyuridine 5Ј-triphosphate nucleotidohydrolase was expressed only after fluoride exposure. Table III summarizes the differential expression of proteins that were classified based on their functional categories as modified from the functional categories of M1 S. pyogenes genome (18) . Some of the proteins have multiple functions in bacteria, for example GAPDH is necessary for glycolysis, cell wall adhesion, and signal transduction. As shown in Table III , marked decreases in expression were seen in protein chaperones, general stress protein, regulators of DNA and RNA synthesis, glycolytic and other metabolic enzymes, and proteins essential to translation. Protein Expression in S. pyogenes Culture Supernatants-A total of 62 protein spots were visualized and 8 spots representing 5 unique proteins were identified in culture supernatants (Fig. 3C , Table II ). The identified proteins in culture supernatants were not observed in cellular components and have been previously described as extracellular proteins in streptococcal culture supernatants (19 -21) . Proteins present in culture supernatants were presumably from surface-expressed proteins and were released or shed during normal and stress conditions. Cysteine protease SpeB, also known as pyrogenic exotoxin B, was expressed as multiple forms on the two-dimensional PAGE that reflect the previously described cleavage of this protein (22) . Two proteins identified in the data base as tetravalent M protein and M5 protein were present in culture supernatants.
Effect of Fluoride on Protein Expression in S. pyogenes Culture Supernatants-
The active low molecular weight cysteine protease SpeB forms in supernatants had markedly increased expression, but the highest molecular mass form (ϳ38 kDa) did not change expression. Notably, the expression of both M virulence forms identified as tetravalent M and M5 proteins were absent after fluoride exposure (Fig. 3D, Table II ). DISCUSSION We have constructed an initial proteome map for both cellular and supernatant protein expression of S. pyogenes. This map permits consistent identification of proteins as the coordinates of the protein spots are highly reproducible on high resolution two-dimensional PAGE gels. We identified 60 unique cellular and culture supernatant proteins by peptide mass fingerprinting that were expressed in 74 forms on twodimensional PAGE. Fluoride exposure markedly altered both intracellular protein expression and the content of proteins in the culture supernatant, without affecting cell viability. The altered proteins were summarized in Table III , and their functions were classified as modified from the function categories of M1 S. pyogenes genome (18) .
Fluoride caused decreased expression of several proteins that have been implicated in S. pyogenes virulence. Fluoride caused decreased expression in culture supernatants of the well-characterized M Protein virulence factors. Decreased release of M protein into the culture supernatant presumably reflects decreased surface expression, because M protein is primarily confined to the bacterial membrane and intracellular expression of M protein was unchanged. M protein has been shown to promote S. pyogenes virulence by inhibiting phagocytosis and increasing adherence to host tissues. GAPDH expression was also decreased by fluoride. GAPDH expressed on the S. pyogenes cell surface acts as a virulence factor by binding fibronectin and stimulating signal transduction in host cells (23) (24) (25) . Purified GAPDH stimulated serine and tyrosine kinase activity in host cells that was required for uptake of bacteria. Considered together, fluoride-induced decreases in M protein and GAPDH could result in decreased adherence to and penetration of the host epithelial barrier.
Paradoxically, we observed increased release into culture supernatant of the major streptococcal cysteine protease SpeB. The potential role of SpeB as a virulence factor has been studied extensively. SpeB activates interleukin-1␤, kininogen, and matrix metalloproteinases, presumably promoting inflammation and tissue destruction (26 -28) . Based on these findings, an increase in the release of SpeB would presumably promote virulence. However, studies that addressed the clinical relevance of SpeB as a virulence factor in animal models of infection have yielded conflicting results. Talkington et al. (29) observed no relation between SpeB expression and invasive S. pyogenes infection. Chaussee et al. (30) determined SpeB production in 117 S. pyogenes clinical isolates and observed no correlation with the severity of disease. Kansal et al. (31) observed an inverse relationship between disease severity and SpeB expression in S. pyogenes isolates from patients with invasive Group A infections. Finally, SpeB activity is governed, in part, by the protein RopA. RopA contributes to the posttranslational processing of SpeB that establishes an active conformation after secretion (32) . Fluoride caused a marked decrease in the expression of RopA. Considered together, these data suggest that, although SpeB may function as a virulence factor, changes in the absolute levels of SpeB expression may be less relevant to virulence.
Fluoride exposure did not directly affect cell viability but did alter the expression of proteins essential to survival and the response to stress. S. pyogenes exposed to fluoride expressed lower levels of GroEL and DnaK chaperone proteins, as well as general stress protein 24. Fluoride-treated S. pyogenes also had markedly decreased expression of proteins required for scavenging oxygen radicals. However, fluoride exposure caused increased expression of one protein that regulates the response to stress, RsbU. We observed a 2-fold increase in a protein with significant homology to RsbU. RsbU regulates the SigmaB protein that has been well characterized in the response of Bacillus subtilis to stress induced by heat, ethanol, salt, and energy starvation. Activation of the SigmaB regulon results in the induction of general stress proteins and a variety of other proteins essential to the stress response. The SigmaB regulon has been well-characterized in many bacteria, but is incompletely understood in Streptococcus (33, 34) . We postulate that increased expression of RsbU represents an attempt by S. pyogenes to activate the SigmaB stress response to cope with the effects of fluoride. Several examples are present in the literature of the application of proteomic analysis to the study of Streptococcus species (19, 35, 36) . None of these studies examined the effect of fluoride on S. pyogenes and cannot be used to confirm our findings. Many previous studies have determined that fluoride inhibits the function of several proteins, including catalase, superoxide dismutase, and elongation factor G (37, 38) . These studies did not examine the effect of fluoride on the amount expressed of these proteins. Our data indicate that effect of fluoride on the function of many proteins may result from decreased expression as well as the previously observed inhibition of protein function.
Our proteomic analysis also suggests a new hypothesis to test regarding the effect of fluoride on S. pyogenes. We observed that fluoride altered the expression of proteins essential to the non-suppurative complications of S. pyogenes infection, including rheumatic fever and APSGN. We observed decreased expression of GAPDH, GroEL, and DnaK proteins previously implicated in the pathogenesis of ASPGN and rheumatic fever (39 -42) . We further observed a decrease in the amount of M protein released into the supernatant by fluoride-treated bacteria. M protein has been implicated in the pathogenesis of both rheumatic fever and ASPGN. One putative mechanism for M protein's role in these disorders is presumably the crossreaction of anti-M protein antibodies with host myosin proteins (43, 44) . Several factors may have contributed to the decreased incidence of rheumatic fever and APSGN in industrialized countries, including the introduction of antibiotics, aggressive treatment of streptococcal pharyngitis, and improved public health measures. However, the decline in rheumatic fever and ASPGN also began at the time that fluoridation of water supplies was introduced (45) (46) (47) . Our data suggest the hypothesis fluoridation of water may have influenced the decline in non-suppurative S. pyogenes complications.
In summary, we have used proteomic analysis to construct a reference proteome map for S. pyogenes. This map can then be used to study a large number of proteins simultaneously from any interventions. Several cellular and extracellular proteins were altered by fluoride. We postulate that fluoride may affect defense mechanisms, virulence, and immunogenicity of the streptococci and may aid to a reduction of poststreptococcal sequelae. Further studies are needed to explore these complex mechanisms of fluoride on S. pyogenes.
